The class Clostridia in the phylum Firmicutes includes a very heterogeneous assemblage of bacteria. Their evolutionary relationships are not well established; revisions of their phylogenetic placements based on comparative studies of 16S rRNA gene sequences are in progress as genome sequence information accumulates. In this work, phylogenetic trees were reconstructed based on 21 concatenated ribosomal protein sequences using Bayesian and maximum-likelihood methods. Both trees consistently indicate that the Halanaerobiales is a deeply branching order among the class Clostridia. The rest of the Clostridia species are grouped into 10 monophyletic clusters, most of which are comprised of two or three orders and families according to the current Clostridial taxonomy. The maximum-likelihood tree placed Coprothermobacter proteolyticus and Thermodesulfobium narugense in the class Clostridia in accordance with the current taxonomy, in which these two bacteria are assigned to the family Thermodesulfobiaceae. However, the Bayesian tree placed these two bacteria at the boundary between the Firmicutes and Actinobacteria. A gene arrangement that is present uniquely in the Firmicutes species was identified. Both Coprothermobacter proteolyticus and Thermodesulfobium narugense do not have this arrangement characteristic of the Firmicutes. On the basis of the Bayesian tree and gene arrangement comparison, it is suggested that Coprothermobacter proteolyticus and Thermodesulfobium narugense should be placed outside the phylum Firmicutes.
Introduction
The class Clostridia in the phylum Firmicutes includes a very heterogeneous assemblage of bacteria of medical and environmental importance. They are endospore-forming obligate anaerobes and show the 'Gram-positive' singlemembraned, thick-cell-wall envelope structure. While Bergey's Manual of Systematic Bacteriology divides the phylum Firmicutes into three classes, Clostridia, Bacilli, and Erysipelotrichia, on the basis of 16S rRNA gene sequence comparison (Ludwig et al., 2009) , the subgroup of Selenomonas, Megasphaera and Sporomusa was recently moved from the class Clostridia to a separate class, Negativicutes, whose members possess the 'Gram-negative' type inner and outer membranes and a thin cell-wall (Marchandin et al. 2010) . A sulfate-reducing bacterium Thermodesulfobium narugense, which is treated as a member of the family Thermodesulfobiaceae in the current taxonomy, has been argued to be placed outside the Firmicutes based on the comparison of 16S rRNA gene sequences (Mori et al., 2003) . On the contrary, Megamonas hypermegale, which was assigned to belong to the phylum Bacteroidetes, has been replaced in the Firmicutes (Morotomi et al., 2007) . The class Clostridia includes four orders, Thermoanaerobacterales, Halanaerobiales, Natranaerobiales and Clostridiales. Although the specific affinity of the order Halanaerobiales was not established based on comparative studies of 16S rRNA gene sequences (Ludwig & Klenk, 2001 ), a phylogenomic analysis has suggested that the order Halanaerobiales belongs to the Firmicutes (Mavromatis et al., 2009) . Thus, as available sequence data of 16S rRNA genes or complete genomes increase, taxonomic reorganizations of the Clostridia species at the level of genus, family, order, class or even phylum have been in progress (e.g. Collins et al., 1994; Finegold et al., 2002; Gupta & Gao, 2009; Yutin & Galperin, 2013; Vesth et al., 2013) .
In order to resolve the evolutionary relationships among the heterogeneous Clostridia species and to clarify their relative position within the phylum Firmicutes, phylogenomic analyses of the Clostridia were carried out on the basis of ribosomal protein sequences. Genes encoding ribosomal proteins are present universally and are thought to be subjected less frequently to lateral gene transfer (Jain et al., 1999) . At the time of writing, more than a hundred (Lartillot et al., 2009; Stamatakis, 2006) . In this work, alignments of 21 ribosomal protein sequences were concatenated and then used in the tree reconstruction with the Bayesian and maximum-likelihood methods. Gene order comparisons were also carried out to examine the phylogenetic affinity of species, which disagrees between the Bayesian and maximum-likelihood trees. If a gene arrangement characteristic of a specific group of species is found and that group is monophyletic in the reconstructed tree, then the characteristic gene arrangement provides empirical evidence for the monophyly of that group. This is because a gene arrangement that is shared uniquely among a specific clade is unlikely to have arisen by chance. Rather, the shared arrangement reflects common ancestry (Kunisawa, 2003) .
Methods
Dataset. Genomic data for 1135 completely sequenced bacterial genomes were retrieved from the NCBI Genome Database (ftp://ftp. ncbi.nlm.nih.gov/genomes/Bacteria) in April 2013. Here, only one strain was chosen arbitrarily for strains with the same species name. This is because strains within the same species generally show almost identical gene arrangement and amino acid sequence. The gene order dataset was prepared using the Cluster of Orthologous Group of Proteins Database (COG Database; Tatusov et al., 2001 ). In the case where the COG four-digit number was not annotated in the NCBI entry, FASTA search was carried out for each protein-encoding gene against the COG Database, as described in previous papers (Kunisawa, 2011) . The cut-off e-value of 10 24 was used. Thus, gene order is represented as COG-order in this work.
Tree reconstruction. The COG Database was used as the source of ribosomal proteins. Twenty-one genes coding for ribosomal proteins, L1, L2, L3, L4, L5, L6, L7/L12, L11, L13, L14, L16, L19, L20, S2, S3, S5, S9, S10, S11, S13 and S19, were identified to be present in a singlecopy on 96 Clostridial genomes. In the tree reconstruction, 10 representative species from the class Actinobacteria were selected and treated as an outgroup for the phylogeny of the Firmicutes. The analysis includes 29 species from the class Bacilli, four from the class Negativicutes and two from the class Erysipelotrichia, which comprise the phylum Firmicutes together with the class Clostridia. Here, the species sampling from the Actinobacteria and Bacilli were chosen such that they span their major phylogenetic clades. Thus, 21 ribosomal protein sequences from 141 species were aligned with MUSCLE (Edgar, 2004) and then concatenated. Using Gblocks (Castresana, 2000) , poorly aligned regions were discarded but highly conserved blocks in the alignments were retained in the tree reconstruction. Thus, slowly evolving regions in the alignments were used in the present analysis.
The concatenated sequences thus obtained were used as the source data for tree reconstructions with the Bayesian and maximum-likelihood methods. The Bayesian inference used PhyloBayes v. 2.3 (Lartillot et al., 2009) , with the CAT evolutionary model, a gammadistributed across-site variation (four discrete rate categories) and random starting tree. In the RAxML maximum-likelihood analysis (Stamatakis, 2006) , the JTT substitution model and gamma distribution with four discrete categories for rate heterogeneity were used. Three hundred bootstrap samplings were carried out. Trees were drawn using iTOL (Letunic & Bork, 2007 , 2011 .
Computer search for the alternative arrangements. A computer search for a gene arrangement showing the order a-x-b in one clade and c-x-d (or more relaxed orders c-x and x-d) in the other was carried out for the same gene x. Such arrangements suggest a move of gene x. Details of the computer methods were given in previous papers (Kunisawa, 2011) .
Results

Phylogenetic tree reconstruction
Phylogenetic trees of 21 concatenated ribosomal protein sequences from 141 completely sequenced genomes were reconstructed with the use of PhyloBayes (Lartillot et al., 2009) and RaxML (Stamatakis, 2006) , as shown in Figs 1 and 2, respectively. Here, the Actinobacteria were treated as an outgroup and both trees were rooted at their divergence point. The posterior probability (w0.80) is indicated at each node in the figure. As compared with 16S rRNA gene trees, the concatenated protein trees improve the resolution of branching order; most nodes show the posterior or bootstrap probability greater than 0.80. The Bayesian (PB) tree indicates that Coprothermobacter proteolyticus and Thermodesulfobium narugense, which are assigned to the family Thermodesulfobiaceae within the class Clostridia (Ludwig et al., 2009) , is the earliest diverging family among the phylum Firmicutes (Fig. 1) . Then, anaerobic thermohalophilic bacteria, which are assigned as the order Halanaerobiales, branch off from the rest of the Clostridia species. A clade consisting of the classes Negativicutes, Bacilli and Erysipelotrichia is placed as a sister position to the Clostridia species that are grouped Fig. 1 . A Bayesian tree obtained with concatenated sequences of 21 ribosomal proteins, L1, L2, L3, L4, L5, L6, L11, L7/L12, L13, L14, L16, L19, L20, S2, S3, S5, S9, S10, S11, S13 and S19, after removing poorly aligned regions with Gblocks (Castresana, 2000) . MUSCLE (Edgar, 2004 ) multiple alignment software was used. A total of 1891 amino acid sites were analysed using PhyloBayes (Lartillot et al., 2009) . A total of 141 species were included in the tree reconstruction. Ten Actinobacterial species, which were selected so that they spanned major Actinobacterial linages, were treated as an outgroup. This figure was drawn using iTOL (Letunic & Bork, 2007 , 2011 
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Halobacteroides halobius DSM 5150 T Evolutionary relationships of completely sequenced Clostridia species into 10 monophyletic clades (Clusters 1 to 10 in Fig. 1) . Using the same sequence data, a maximum-likelihood (ML) tree was also reconstructed and shown in Fig. 2 , in which bootstrap probabilities w0.80 are indicated. Although their branching orders differ, the clustering patterns into Clusters 1 to 10 agree between the PB and ML trees. The ML tree indicates the Negativicutes/Bacilli/ Erysipelotrichia clade is paraphyletic to Cluster 1 and Cluster 2, which disagrees with the PB tree. Another large difference is seen in the position of the family Thermodesulfobiaceae; the ML tree places this family as a sister position to the genus Caldicellulosiruptor of Cluster 5, while the PB tree places it at a basal position. Apart from these disagreements, it is to be noted that an identical grouping pattern of Clusters 1 to 10 was obtained with the Bayesian and maximum-likelihood methods. Although the phylogenetic position of the anaerobic thermohalophilic bacteria within the Firmicutes has been uncertain (Mavromatis et al., 2009) , it is clarified in the PB and ML trees that the order Halanaerobiales is a basal branching order within the Clostridia.
Discrepancies between phylogeny and taxonomy
Taxonomical descriptions of the Clostridia species analysed in this study are listed in Table S1 (available in the online Supplementary Material), together with NCBI sequence accession numbers. Cluster 1 comprises five species of the genus Desulfotomaculum, plus Pelotomaculum thermopropionicum, 'Candidatus Desulforudis audaxviator', Carboxydothermus hydrogenoformans, and Ammonifex degensii. Members of Cluster 1 are classified into the order either Clostridiales or Thermoanaerobacterales, and into the family either Peptococcaceae or Thermoanaerobacteraceae. Similarly, Cluster 2 includes two orders, Clostridiales and Thermoanaerobacterales, comprising three families, Syntrophomonadaceae, Peptococcaceae and Thermoanaerobacteraceae. Cluster 3 combines families XVIII and XVII Incertae Sedis in the order Thermoanaerobacterales. Similar discrepancies are found in other Clusters, except Cluster 5, which comprises a single genus, Caldicellulosiruptor. Thus, the current Clostridial taxonomy is not based on the phylogeny and therefore substantial reclassifications are required for systematic understanding of the Clostridia species. Yutin & Galperin (2013) have proposed a tentative solution to the taxonomic problems primarily based on their maximum-likelihood tree. However, the descriptions presented do not comply with the Bacteriological Code and therefore the names cannot be validly published in the International Journal of Systematic and Evolutionary Microbiology (IJSEM). Molecular or biochemical markers that define each clade identified by tree reconstruction are indispensable for a reliable phylogeny-based taxonomy. Along this line, Gupta & Gao (2009) have identified molecular makers that are useful for the characterization of Cluster 7.
Gene order comparisons
The phylogenetic placement of the family Thermodesulfobiaceae is different between the PB and ML trees. In order to examine this disagreement, gene order comparisons were attempted. As shown in Fig. 3(a) , the gene arrangement alaS(COG0013)-yrrK(COG0816) is present in all of the Actinobacteria examined. Here, orthologous genes, which are represented using the four-digit number in the COG Database, are vertically aligned and contiguous genes are connected by dash(es). In contrast, most of the Firmicutes species show an alternative arrangement alaS (COG0013)-COG4472-yrrK(COG0816), while the other arrangement ymcB(COG0621)-COG4472-yrrK(COG0816) replaces in Clusters 8 to 10 [ Fig. 3(b) ]. Here, genes present on the complementary strand are indicated with an asterisk.
The Actinobacterial arrangement COG0013-COG0816, which lacks COG4472, can be found in various bacteria belonging to other phyla, such as Fusobacteria, Synergistetes, Chloroflexi, Deinococcus-Thermus, Nitrospirae, and Dictyoglomi, as shown in Fig. 3(c) . These observations suggest that the presence of the COG4472-encoding gene between alaS (or ymcB) and yrrK serves as a phylogenetic marker for the Firmicutes. Indeed, a detailed analysis showed that the COG4472-encoding gene is missing in four out of 232 completely sequenced Firmicutes genomes, indicating that the presence of the COG4472 gene between alaS (or ymcB) and yrrK genes is a useful phylogenetic marker of the Firmicutes. Unlike the Firmicutes species, genomes of Coprothermobacter proteolyticus and Thermodesulfobium narugense both lack this COG4472-encoding gene. Thus, the gene order comparison and the PB tree suggest consistently that these two bacteria should be placed outside the phylum Firmicutes.
Discussion
In this work, 21 ribosomal proteins-based phylogenetic trees were reconstructed with the use of two different algorithms, the Bayesian (PB) and maximum-likelihood (ML) methods in order to clarify evolutionary relationships among the Clostridia species and their relative position within the phylum Firmicutes. The PB and ML trees both indicated the Halanaerobiales is an early diverging order and the rest of the Clostridia species are grouped into 10 monophyletic clusters. A similar grouping pattern of the Fig. 3 . Gene arrangements around the alaS gene encoding alanyl-tRNA synthetase (COG0013). Orthologous genes, which are represented using the four-digit number in the COG Database, are vertically aligned and contiguous genes are connected by dash(es). Two or three open reading frames are abbreviated by a dot for maximal alignment. Discontinuous segments are separated by a slash. Genes denoted as 'n' are not identified in the genome sequence. Genes with an asterisk are encoded on the complementary strand and are transcribed from the right to left direction, and others are transcribed from the left to right. Gene symbols, which are shown on the bottom of the gene alignment, were taken from the NCBI database entry for Bacillus subtilis subsp. subtilis 168 T (GenBank accession no. NC_000964). Note that the COG4472-encoding gene (boxed) is present between alaS (or ymcB) and the COG0816-encoding gene in almost all of the Clostridia species (see text for details).
